The regulation of ovarian steroidogenesis in vitro by coho salmon FSH and LH was investigated in intact coho salmon follicles and isolated follicular layers at various stages of oocyte maturation, from late vitellogenesis until the completion of germinal vesicle breakdown (GVBD). In granulosa layers from all stages, LH, but not FSH, stimulated 17␣,20␤-dihydroxy-4-pregnen-3-one (17,20␤-P) production. In theca-interstitial layers from all stages, FSH and LH stimulated steroid production, LH being more potent than FSH. The basal steroid output of intact follicles was significantly lower than that of isolated follicular layers, and their response to FSH and LH also differed. First, the intact follicles produced 17␣-hydroxyprogesterone in response to FSH during the central germinal vesicle stage while thecainterstitial layers did not. Second, estradiol-17␤ production was not inhibited by LH during final oocyte maturation in intact follicles, as observed for granulosa layers. Our results indicate that LH is the determining factor regulating the production of the maturation-inducing steroid, 17,20␤-P, and the induction of GVBD in the salmonid ovary. In summary, we have provided evidence for maturation-associated changes in the effects of FSH and LH in the salmonid ovary, which further supports the hypothesis that FSH and LH have distinct functions in the teleost ovary.
INTRODUCTION
Gonadal function in teleosts, as in other vertebrates, is regulated by two distinct gonadotropins (GTHs) produced by the pituitary gland. Since the first report of the existence of two distinct GTHs in teleosts [1] , originally named GTH I and GTH II, our knowledge of the biology of teleost GTHs has grown sufficiently to allow recognition of not only the basis for a structural homology [2] [3] [4] between them and their tetrapod counterparts (FSH and LH) but a functional one as well. Therefore, a change in terminology, replacing GTH I and GTH II with FSH and LH, respectively, appears well justified.
Teleost FSH and LH have both been shown to stimulate steroid production by testicular and ovarian tissue from var-1 Support for this study was provided by USDA Grant 93-327203-9409 (P.S.) and by NSF Grant IBN9408012 (F.W.G.). Portions of this study have been presented at the 5th International Symposium on Reproductive Physiology of Fish, held in Austin, TX, on July 2-8, 1995. ious teleost species [5] [6] [7] [8] [9] [10] [11] , despite differences in steroidogenic potency. It is becoming increasingly evident that the differences in steroidogenic potency between teleost FSH and LH are related to the state of gonadal development. Whereas FSH and LH have similar steroidogenic potency during early phases of gametogenesis [5] [6] [7] [8] [9] 12] , LH is generally more potent than FSH during late stages of gametogenesis [5, 9, 12] . In fact, a progression of changes in the response of the salmon testis to the steroidogenic effects of salmon FSH and LH that paralleled the progression of spermatogenesis has been described [9] . However, to date it is not known whether similar maturation-associated changes in the steroidogenic effects of teleost FSH and LH occur in the teleost ovary.
Although the precise role of FSH and LH in regulating follicular steroidogenesis over the course of ovarian development has not been described, the variation in the circulating levels of FSH and LH during sexual maturation [6, [13] [14] [15] [16] and in the type and localization of FSH and LH receptors in the ovary [17, 18] would suggest that maturation-associated changes in the steroidogenic effects of FSH and LH may indeed occur in the salmon ovary. It is known that during secondary oocyte growth, plasma levels of FSH are elevated while the circulating levels of LH are extremely low or nondetectable. At this stage, the type I GTH receptor has been shown to be present in both theca and granulosa cells [17, 18] . However, during final oocyte maturation (FOM), plasma levels of LH increase as FSH levels decline in parallel with the appearance of the type II GTH receptor in granulosa cells [17, 18] . In addition, during the transition from vitellogenesis to FOM, the changes in circulating levels of FSH and LH occur concomitantly with changes in the production of two major ovarian steroids: estradiol-17␤ (E 2 ) and 17␣,20␤-dihydroxy-4-pregnen-3-one (17,20␤-P), respectively. These changes in plasma steroid levels occur as a result of a steroidogenic shift in the salmonid ovary, from the production of E 2 to the production of 17,20␤-P [19, 20] . Due to the significant positive correlation between the plasma levels of FSH and E 2 , as well as between the plasma levels of LH and 17,20␤-P [14, 21, 22] , it is possible that FSH and LH play important roles in regulating the steroidogenic shift in the ovary, which determines the transition from the vitellogenic state to the maturational state.
A few groups have previously investigated the developmental changes in gonadotropic regulation of ovarian steroidogenesis in salmonids [23] [24] [25] [26] [27] . Although these studies used partially purified gonadotropins and not highly purified FSH and LH in their bioassays with ovarian tissue, several interesting findings were reported. First, the gradual decrease in the production of E 2 during follicular development was attributed to a decrease in aromatase activity [23] [24] [25] [26] . Second, the increase in the basal as well as GTHstimulated production of 17,20␤-P in vitro prior to FOM appeared to be dependent on the ability of the theca layers to produce 17␣-hydroxyprogesterone (17OH-P) in response to GTH stimulation and induction of 20␤-hydroxysteroid dehydrogenase (20␤-HSD) in granulosa cells [24, 26] . However, the role that FSH and LH play in regulating the changes in steroid production that take place in the teleost ovary during the process of FOM remain to be determined. Therefore, the purpose of the present study was to investigate the regulation of ovarian steroidogenesis by FSH and LH in intact ovarian follicles and isolated follicular layers during the transition from vitellogenesis until FOM.
MATERIALS AND METHODS

Animals
Maturing 2-yr-old female coho salmon (Oncorhynchus kisutch) from a cultured stock (Domsea Broodstock, Rochester, WA) were maintained in fiberglass tanks (3 m in diameter) in dechlorinated municipal water at the Northwest Fisheries Science Center in Seattle, WA. This stock of fish typically matures at 2 yr of age. Fish were fed standard rations of Brood Select Pellets (Moore Clarke, La Conner, WA) and maintained under natural conditions of photoperiod. The water temperature ranged from 8ЊC to 15ЊC. For each experiment on the steroidogenic effects of FSH and LH, one female coho salmon was selected from the tanks and staged according to the position of the germinal vesicle (GV) in 8-10 oocytes that, after dissection of the ovary, were cleared using a solution previously described [28] . We conducted experiments at each of the following four stages of oocyte maturation: central GV stage, migrating GV stage, peripheral GV stage, and after breakdown of the GV (post-GVBD). At each stage, we compared the effects of salmon GTHs on in vitro steroid production by intact ovarian follicles, isolated theca-interstitial layers, and isolated granulosa layers obtained from the same donor fish with the exception that no experiment was conducted with intact follicles at the migrating GV stage. For the experiments on the effects of FSH and LH on GVBD, we used reproductively mature female brook trout (Salvelinus fontinalis) that were purchased from a private hatchery (Grand Haven, MI) and maintained in tanks supplied with flow-through well water at 12.5ЊC under natural photoperiod at the University of Notre Dame. For these experiments we used brook trout ovarian follicles because of the well-known endocrine control of FOM in this species [19, [28] [29] [30] .
Hormones and Chemicals
Coho salmon FSH and LH were purified as described by Swanson et al. [31] and dissolved in incubation medium, a modified Hanks' Balanced Salt Solution (HBSS; pH 7.6) consisting of 136.9 mM NaCl, 5.4 mM KCl, 0.8 mM MgSO 4 [32] . Nonradioactive E 2 , testosterone (T), 17OH-P, and 17,20␤-P were purchased from Sigma (St. Louis, MO).
Ovarian Tissue Incubations
Immediately after dissection, ovaries were placed in icechilled HBSS. Individual ovarian follicles were separated from the remaining ovarian tissue with forceps and either set aside for intact follicle incubations or used to further manually separate the granulosa and theca-interstitial layers as described previously [33] . The dissection technique yields two separate, intact layers: a granulosa layer free of theca cells and a theca layer that can have approximately a 10% contamination of granulosa cells. Intact follicles (5 follicles/well per milliliter) or isolated granulosa or thecainterstitial layers (5 layers/well per milliliter) from one donor fish at each stage were preincubated in HBSS containing 0.2% BSA (fraction V; Sigma) in polystyrene 24-well culture plates (Falcon; Becton Dickinson, Lincoln Park, NJ) for 30 min in an air atmosphere at 15ЊC with gentle shaking (100 rpm). Subsequently, the ovarian tissue (four replicate wells per treatment) was incubated in fresh 0.2% BSA-HBSS in the absence or presence of various concentrations of coho salmon FSH and LH (6.25-200 ng/ml) for 18 h. Granulosa layers were incubated in the presence of both T and 17OH-P (1 g/ml). At the termination of the incubation, the medium was removed and stored at Ϫ20ЊC until assayed for steroids.
For the in vitro GVBD assay, three female brook trout containing follicles with peripheral GV were selected. In 25-ml erlenmeyer flasks, 10 follicles were incubated in the presence or absence of different concentrations of FSH and LH in 3 ml of Cortland's medium [34] containing 20 mM Hepes adjusted to pH 7.8 with 1.0 N NaOH. Incubations were conducted for 72 h at 12ЊC under shaking conditions. At the termination of the incubations, the follicles were cleared in the solution described above and assayed for the presence or absence (GVBD) of the germinal vesicle.
Steroid RIAs
The production of T, E 2 , 17OH-P, and 17,20␤-P was measured directly in the incubation medium with specific RIAs, as previously described and validated [9, 12] .
Statistical Analysis
Statistical significance was determined by one-way AN-OVA, followed by the Fisher's Protected Least Significant Difference test [35] . Differences between groups were considered to be significant if P Յ 0.05.
RESULTS
In order to investigate possible changes in the responsiveness of the salmon ovary to the steroidogenic actions of FSH and LH during the course of the last stages of ovarian development, we examined the steroidogenic response of coho salmon intact follicles and isolated follicular layers to salmon FSH and LH at four different stages of oocyte maturation.
Intact Ovarian Follicles
The basal production of 17OH-P, T, and 17,20␤-P by intact coho salmon follicles increased gradually, whereas that of E 2 declined gradually, during oocyte maturation (Fig. 1) . At the central GV stage, the predominant steroid produced in vitro by intact follicles was E 2 . FSH only stimulated E 2 production significantly (Fig. 1G) and to a much lesser extent T production (Fig. 1D) , whereas LH stimulated the production of 17OH-P, T, E 2 , and 17,20␤-P in a concentration-dependent manner (Fig. 1, A, D, G, and J) . At the peripheral GV stage, intact follicles responded slightly more to LH than to FSH in their ability to produce 17OH-P, T, and E 2 ( Fig. 1, B , E, and H), but significantly more to LH than to FSH in their ability to produce 17,20␤-P (Fig. 1K) . In intact follicles after GVBD, FSH had a weak stimulatory effect on steroid production, whereas LH stimulated the production of 17OH-P and T in a biphasic manner (Fig. 1, C and F) and that of E 2 and 17,20␤-P in a concentration-dependent manner (Fig. 1, I and L). At this stage, intact follicles showed the lowest response to the effects of salmon FSH and LH on E 2 production.
In intact brook trout follicles with peripheral GV, LH significantly induced GVBD in a concentration-dependent manner, whereas FSH was completely ineffective (Fig. 2) .
Theca-Interstitial Layers
In isolated theca-interstitial layers, the basal production of 17OH-P and T increased gradually during oocyte maturation (Fig. 3) . Both FSH and LH stimulated the production of 17OH-P and T in a concentration-dependent manner at all stages of ovarian development examined. LH was more potent than FSH in stimulating 17OH-P production at all stages but particularly at the peripheral GV and post-GVBD stages (Fig. 3, A-D) . Similarly, FSH and, to a great- er extent, LH stimulated the production of T (Fig. 3, E-H) , and the sensitivity to LH, but not to FSH, increased markedly after GVBD (Fig. 3H) .
FIG. 3. Effects of coho salmon FSH and LH on 17OH-P (A-D) and T (E-H) production in vitro by
Granulosa Layers
In isolated granulosa layers, the basal production of E 2 declined gradually during sexual maturation, and no significant stimulation of E 2 production by FSH or LH was detected except at the migrating GV stage (Fig. 4, A-D) . Interestingly, FSH (at 50 ng/ml) and LH (at 200 ng/ml) significantly (P Ͻ 0.05) inhibited the production of E 2 at the peripheral GV stage (Fig. 4C ), but these effects were no longer detected at the post-GVBD stage (Fig. 4D) . Concomitantly, a significant increase in the basal production of 17,20␤-P by granulosa layers was detected during FOM (Fig. 4, E-H) . Whereas FSH did not affect 17,20␤-P production throughout oocyte maturation, LH stimulated the production of 17,20␤-P at all stages, except at the post-GVBD stage, when the basal production of 17,20␤-P reached its highest values (Fig. 4H) .
DISCUSSION
In the present study we report changes in the response of coho salmon ovarian tissue to the steroidogenic effects of coho salmon FSH and LH in vitro from late vitellogenesis until FOM. In intact follicles and isolated follicular layers, the basal in vitro production of T, 17OH-P, and 17,20␤-P increased in parallel with the progression of oocyte maturation, whereas that of E 2 decreased during this period. The changes in steroidogenic output of coho salmon ovarian tissue in vitro correlate well with the known decrease and increase of the circulating levels of E 2 and 17,20␤-P, respectively, during FOM in salmonid fish [19] and support the results of a previous study [25] indicating the existence of a steroidogenic shift in the coho salmon ovary, from the production of E 2 to the production of 17,20␤-P during the course of ovarian development.
The results from the present study suggest that FSH stimulates the production of E 2 by intact follicles at the central GV stage by stimulating T production in theca layers (as also reflected in intact follicles), but without an apparent change in the conversion of T to E 2 by isolated granulosa layers. Our inability to detect any effects of FSH (and LH) on the conversion of T to E 2 by isolated granulosa layers would support previous claims that aromatase activity in salmonid ovarian follicles is not under gonadotropic control [23, 26] . During the migrating GV stage and more advanced stages of maturation, FSH (as well as LH) significantly stimulated the production of E 2 by intact follicles, despite the decrease (approximately 15-fold) of the basal production of E 2 , which probably occurred as a result of a decrease in aromatase activity, as reported in other salmonid species [23, 26] . Surprisingly, prior to the completion of maturation (peripheral GV stage), FSH and LH inhibited the production of E 2 by granulosa layers isolated from the same donor fish used for the experiments with intact follicles, which suggests the possibility that certain changes have taken place in the mechanisms regulating aromatase activity between migrating and peripheral GV stages. The inhibitory effects of LH on E 2 production by pre-GVBD granulosa layers confirm earlier reports on the GTH inhibition of E 2 production and/or aromatase activity [5, [36] [37] [38] . In the rat, LH specifically inhibits aromatase in luteinizing granulosa cells [39] . In granulosa layers at the post-GVBD stage, the effects of FSH and LH on E 2 production were no longer detected, which could be attributed to the low basal level of aromatase activity at this stage. Nevertheless, intact follicles at the post-GVBD stage still produced E 2 at low levels in response to FSH and LH, most likely as a result of their stimulation of T production by theca layers. Our results indicate that, despite changes in the ability of FSH and LH to regulate E 2 production in granulosa layers and despite the progressive decrease in the total ovarian production of E 2 , FSH and LH are able to stimulate E 2 production in intact follicles throughout oocyte maturation. Further research is needed to determine which factors are responsible for the decrease in the ability of the ovary to produce E 2 .
In parallel with the progressive decrease in the production of E 2 by intact follicles, a significant increase in the production of 17,20␤-P was detected during FOM. In addition, the production of 17,20␤-P appeared to be exclusively regulated by LH, as shown by the stimulatory effects of LH, but not FSH, on 17,20␤-P production by granulosa layers. Although FSH stimulated the production of 17OH-P by theca layers at all stages, FSH did not affect 17,20␤-P production by granulosa layers. These results are consistent with the presence of specific type II GTH receptors in granulosa layers [17, 18] and suggest that the stimulatory effects of LH on 17,20␤-P production are mediated through the type II GTH receptors, probably by activation of 20␤-HSD. The ability of LH to stimulate 17,20␤-P production by intact follicles and granulosa layers at the central GV stage suggests that the type II GTH receptor may be present in granulosa cells well before the appearance of LH in the circulation and that 20␤-HSD can be readily activated. In previous studies it was also reported that the ability of partially purified GTH preparations to stimulate 17,20␤-P production by granulosa layers was first detected well before FOM [24, 26] . Similar to the effects of FSH and LH on 17,20␤-P production by granulosa layers, LH, but not FSH, stimulated GVBD in intact follicles. These results indicate that in salmonid fish, LH is able to stimulate GVBD through its stimulatory effects on the production of 17,20␤-P by granulosa cells. Recently, LH has also been shown to be the only GTH that is able to induce GVBD in a nonsalmonid fish, the red seabream [11] . Therefore, these results suggest that LH may be an important regulator of FOM in teleost fish in general.
In the present study, the response of isolated follicular layers to the steroidogenic effects of FSH and LH was somewhat different from that of intact ovarian follicles. The two major differences found between the steroidogenic response of isolated follicular layers and intact follicles, in addition to the consistently higher steroidogenic potency of LH over FSH in theca layers, were the effects of FSH on 17OH-P production at the central GV stage and the effects of LH on E 2 production at the peripheral GV stage. The lack of stimulation of 17OH-P production by FSH in intact follicles at the central GV stage, but not in theca layers (where both FSH and LH stimulated 17OH-P production), could be due to the presence of factor(s) produced by intact follicles that are absent in incubations of isolated theca lay-ers. For example, E 2 or other factors produced by granulosa layers could be acting on theca layers altering the production of 17OH-P. In this regard, the effects of factors produced by granulosa cells on steroid production by theca layers should be examined. The inhibitory effects of FSH and LH on E 2 production by granulosa layers at the peripheral GV stage, but stimulatory effects on E 2 production by intact follicles at the same stage and from the same donor fish, are more difficult to explain. Perhaps one could explain this discrepancy by hypothesizing that at that particular stage in ovarian development, the regulation of E 2 production may not be at the level of aromatase activity but at the level of T production by theca layers.
In addition to qualitative differences in steroid production between isolated follicular layers and intact follicles, quantitative differences were also detected, such as the significantly higher (10-fold) steroid levels produced by isolated follicular layers over intact follicles. It is possible that the above-mentioned differences between isolated follicular layers and intact follicles may be related to influences resulting from the intercommunication that could take place between granulosa and theca cells in the intact follicle. In this regard, factors produced by theca cells could act on granulosa cells, or vice versa, in a paracrine fashion. A possible candidate for such a factor could be insulin-like growth factor I, which in the teleost ovary is produced by both granulosa and theca layers [40] , which binds to specific receptors in both follicular layers, and which exerts differential steroidogenic effects in the two follicular layers [38] . Alternatively, the differences in steroidogenic response between isolated follicular layers and intact follicles could be related to the presence of the oocyte in the intact follicle. In mammals, factors originating in the oocyte are known to modulate the steroidogenic capability of follicular cells [41] . Furthermore, the above-mentioned quantitative differences between the steroidogenic response of intact ovarian follicles and isolated granulosa layers could also be related to the large amounts of steroidogenic precursors provided in the incubations with isolated granulosa layers.
The results from the present study suggest that the change in ovarian steroidogenesis that occurs during FOM may be regulated, in part, by changes in plasma levels of FSH and LH and in GTH receptor type and distribution. However, other factors, such as changes in the signal transduction mechanisms for FSH and LH, modulating effects of growth factors or changes in the activity of steroidogenic enzymes cannot be ruled out. The increase in circulating LH levels during final maturation, which is preceded by the appearance of the specific type II GTH receptor, appear to be essential for the consequent increase in the production of 17,20␤-P and induction of FOM. These important and specific actions of LH during final maturation support the hypothesis of differential functions for FSH and LH in the salmonid ovary.
